Heartland virus (HRTV; Bunyaviridae: Phlebovirus) is a recently described cause of human illness in the United States. After field studies conducted in 2012 implicated Amblyomma americanum (L.) as a vector of HRTV, we initiated experiments to assess the vector competence of A. americanum. Larval and nymphal ticks were immersed in high-titered suspensions of HRTV, and then tested for virus at various intervals postimmersion. In a later trial larval ticks were immersed in HRTV, followed by engorgement on a rabbit. A subset of postmolt nymphs was tested for HRTV to document transstadial transmission. Putatively infected nymphs were cofed with uninfected colony larvae to assess nonviremic transmission. In another trial, nymphs were fed on a rabbit and allowed to molt to the adult stage. Male and female ticks fed and mated upon a rabbit, and females were allowed to oviposit. Male and spent female ticks were tested for HRTV, and offspring of infected females were tested to assess vertical transmission. Infection rates of 50% were observed in immersed larvae and nymphs tested at intervals following immersion. Transstadial transmission from larvae to nymphs and then to adults was documented. HRTV was detected in a pool of nymphs molted from uninfected larvae cofed with infected nymphs. Vertical transmission of HRTV was observed in progeny of infected females. Infected females took longer to oviposit and produced fewer offspring. Serologic conversions (without viremia) in rabbits fed upon by immersed larvae or transstadially infected ticks indicate horizontal transmission of HRTV.
Heartland virus (HRTV; Bunyaviridae: Phlebovirus) is a recently discovered human pathogen first isolated from two adult males residing on farms in northwestern Missouri who were hospitalized in June 2009 suffering from serious febrile illnesses (McMullan et al. 2012) . Both men reported being bitten by ticks in the week prior to the onset of symptoms, and were initially tested for the presence of ehrlichia, anaplasma, or rickettsial agents. Although these tests proved negative, a novel Phlebovirus was isolated from both casepatients. Phylogenetic analysis showed that these isolates were most similar to severe fever with thrombocytopenia virus (SFTSV), a recently described tick-borne pathogen in East Asia (Yu et al. 2011 , Xu et al. 2011 . Subsequently, five additional nonfatal cases of HRTV-associated disease were identified in Missouri (Pastula et al. 2014) , and two fatal cases were reported from Tennessee (Muehlenbachs et al. 2014) and Oklahoma (http://www.ok.gov/ health/Organization/Office_of_Communications/News_Releases/ 2014_News_Releases/Oklahoma_State_Health_Department_Confirms_ First_Case_and_Death_of_Heartland_Virus.html, last accessed May 13, 2016).
Following recognition of the first two cases, field studies were conducted in 2012 to identify potential vector species at the case-patients' residences and at other sites in northwestern MO (Savage et al. 2013) . Ticks and mosquitoes were collected, identified, and tested for virus. HRTV RNA was detected in 10 pools of Amblyomma americanum (L.) flat nymphs, and live virus was isolated in Vero E6 plaque assays from eight of these pools. HRTV was not detected in other tick species or in mosquitoes. The finding of virus in host-seeking nymphs suggested that virus was acquired by larvae feeding on infected hosts during late summer and fall, and then transmitted transstadially to the nymphal stage, and that nymphs transmitted virus to bloodmeal hosts (including humans) the following spring and summer. Although HRTV was not detected
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in questing adult A. americanum, only a relatively small number of adults was collected (1,927 versus 7,271 nymphs). The lack of virus detection in >45,000 larval A. americanum would suggest that HRTV is likely not transmitted vertically from infected females to their offspring (Savage et al. 2013 ). However, the distribution of larval ticks in the environment tends to be clustered, with larvae not dispersing far from the egg mass after hatching. Hundreds of larvae may be collected simultaneously on a tick drag or flag, most or all presumably the offspring of a single female. Thus, the large number of larvae collected may be descended from a relatively small number of females, reducing the likelihood of detecting vertical transmission of HRTV, if it in fact occurs.
In 2013 we initiated experimental studies attempting to infect laboratory-reared A. americanum larvae with HRTV, and to determine if transstadial transmission of HRTV to the nymphal stage, and then to the adult stage, occurred following blood feeding and molting. We also wished to assess nonviremic or cofeeding transmission (Jones et al. 1987 ) and vertical transmission from females to their offspring as potential mechanisms for HRTV maintenance in nature.
Materials and Methods

Experimental Animals
Ticks used in immersion and feeding experiments were maintained at 22-23 C, 95-98% relative humidity (RH), and a photoperiod of 16:8 (L:D) h in glass desiccator jars containing water. Nymphal ticks used in initial immersion trials without engorgement on a rabbit were derived from larvae of an engorged female A. americanum collected from a horse at a HRTV case-patient farm in 2012 (Savage et al. 2013) . Following oviposition this female was tested for HRTV by Vero E6 cell culture plaque assay and real-time RT-PCR (Savage et al. 2013) , and was negative by both assays. Larval ticks used in immersion trials were from a colony originated in 1999 from ticks collected in Atlanta, GA, and maintained at the Medical Entomology Laboratory, Rickettsial Zoonoses Branch, CDC, Atlanta, GA (Troughton and Levin 2007) .
Female New Zealand White rabbits (Oryctolagus cuniculus; Harlan, Indianapolis, IN) weighing $3.2-4.2 kg were used in tick feeding experiments. A single rabbit was used for each tick feeding trial, and rabbits were only used once for tick feeding to prevent rabbit antitick immunity from affecting tick survival. Rabbits were housed in a cage that was placed in a galvanized metal pan measuring $0.9 by 0.8 by 0.05 m (Bass Equipment Co., Monet, MO). The pan was filled with water, and petroleum jelly was spread on the pan above the water line to retain any ticks that might escape from tick feeding bags.
Tick Engorgement on Rabbits
Ticks were fed on rabbits utilizing a previously published technique (Troughton and Levin 2007) . Following sedation using Ketamine (35 mg/kg) and Xylazine (5 mg/kg) the rabbit's back was cleanshaved, then a two-layer feeding bag was glued to the rabbit's back using Kamar adhesive (Kamar Inc., Zionsville, IN), which is approved for veterinary use. The bag consisted of an outer layer of 8.0-cm-diameter tubular cotton stockinette (Alba Health, Rockwood, TN) and an inner layer of nylon hosiery material. The bag was glued on $24 h before ticks were placed in the feeding bag, and was carefully examined for gaps through which ticks could escape. The open tops of the inner and outer bags were twisted shut and sealed using rubber bands. Rabbits were fitted with an Elizabethan collar (Gralen Co., Chino, CA) and their hind legs were hobbled with 12.7-mm cloth adhesive tape to prevent damage to the feeding bag by grooming. Blood samples ( 750 ml) were drawn from the rabbits' ear veins at various intervals after ticks were placed in the feeding bags, centrifuged in serum separator tubes, and frozen at À80 C until tested for HRTV as described below. Rabbits were euthanized 16-33 d following addition of ticks to the feeding bag(s), and a blood sample was taken at that point for serology.
Virus Detection
Ticks and rabbit sera were tested for HRTV by real-time RT-PCR using two primer/probe sets (HRTV1 and HRTV4) that target different regions of the Small segment of the HRTV genome (Savage et al. 2013) . Briefly, individual ticks or pools of ticks were triturated in 0.5 or 1.0 ml of cold bovine albumin-1 (BA-1) diluent (Lanciotti et al. 2000) , and then were centrifuged at 5,013 Â g for 4 min. Viral RNA was extracted from a 0.1-ml aliquot of clarified tick homogenate or undiluted rabbit serum. For RT-PCR 5 ml of extracted RNA was run in a 50-ml total reaction with the HRTV1 primer/probe. Positive RNAs were re-tested for confirmation using both the HRTV1 and HRTV4 primer/probe sets. Additionally, all RNApositive samples were tested by a plaque assay adapted from a previously published protocol (Miller et al. 1989) . Briefly, duplicate wells of Vero E6 monolayers in six-well plates were each inoculated with 0.1 ml of clarified tick suspension, incubated for 60 min at 37 C in a 5% CO 2 incubator, then covered with 3.0 ml of a 0.5% agarose overlay. On day five postinoculation a second overlay containing neutral red was added. Wells were checked daily on days 6-10, and plaque-positive wells were harvested and stored at À80 C in case additional confirmatory testing was indicated.
Rabbit Serology
Plaque reduction neutralization tests (PRNT) of sera from rabbits fed upon by virus-immersed ticks were performed using a HRTV isolate obtained from one of the original human case-patients in 2009 (McMullen et al. 2009 , Bosco-Lauth et al. 2015 . Control antisera to HRTV were provided by the Division of Vector-Borne Diseases, CDC, reference collection, and comprised human convalescent serum obtained from one of the two original HRTV cases. All sera were heat-inactivated at 56 C for 30 min prior to dilution. PRNT assays were performed by mixing equal volumes of two-fold serially diluted sera in BA-1 media (from an initial dilution of 1:5) and a suspension of HRTV containing $100 plaque-forming units (PFU) of virus per 0.1 ml, and incubating at 37 C for 1 h. The virusserum mixtures were then adsorbed onto Vero E6 monolayers in six-well plates by incubating for 1 h at 37 C. Cultures were overlaid with 3.0 ml of 0.5% agarose in nutrient media followed by a second overlay containing neutral red at day seven (Brault et al. 2004 ). Samples were titrated in duplicate up to a 1:2560 serum dilution and endpoints calculated at the 80% neutralization threshold.
Virus
The M12-66 strain of HRTV was used to infect ticks. This strain was originally isolated from a pool (MO-2012-66) of 20 flat A. americanum nymphs collected at the same case-patient farm as the engorged female ticks mentioned above (Savage et al. 2013) , and had been passed once in Vero E6 cells and twice in Vero cells. Aliquots of this strain were diluted 1/10 in cold BA-1 or Dulbecco's modified Eagle's medium (DMEM; Gibco, Grand Island, NY) to give final titers of 10 5.9 to 10 6.6 PFU/ml for the various tick immersion experiments.
Tick Infection
Since no natural or experimental vertebrate host has been identified that develops a viremia when infected with HRTV, larval and nymphal ticks in our study were infected using an immersion technique originally developed for infecting Ixodes scapularis (Say) larvae with the Lyme Disease spirochete Borrelia burgdorferi (Policastro and Schwan 2003) . This technique was adapted for infecting I. scapularis with Langat virus (LGTV; Flaviviridae: Flavivirus), and was successful in infecting $96% of immersed tick larvae (Mitzel et al. 2007) .
In all of the experiments described below larvae or nymphs were exposed to a low RH environment ($47-60%) for 48-72 h before immersion to partially dehydrate them and increase the likelihood that they would imbibe the virus suspension (Mitzel et al. 2007 ). Ticks were immersed in a suspension of HRTV diluted as described above, then placed at 34 C for 60-90 min. At 10-15-min intervals vials were checked to insure that ticks remained suspended in the virus. In a biosafety cabinet, vials were tapped to re-suspend any ticks that had crawled out of the liquid. The virus suspension was then removed by aspiration using a pipettor (for nymphs) or a 3-ml syringe with a 22 -g 1-inch needle (for larvae). Ticks were then washed twice with cold PBS (Gibco) and dried using filter paper strips (nymphs) or by incubation overnight at low RH (larvae). In all trials a 0.5-ml aliquot of virus suspension was incubated at 34 C with the tick vials, and then frozen at À80 C for later virus titration.
Two different types of infection trial were conducted. In the first type, the goal was to assess the suitability of the immersion technique for infecting immature A. americanum with HRTV, and to document virus replication by testing ticks at various time points following immersion. Ten to 23 larvae or nymphs each were transferred to six 1.5-ml microcentrifuge tubes prior to immersion in the virus suspension for 60 min. Five vials received 0.5 ml of virus suspension, while the sixth vial received 0.5 ml of suspension medium without virus (negative control). Following immersion, washing in PBS and drying, the caps of the tubes were punctured four to five times with a 30 -g needle, and the tubes were returned to the desiccator jar. On days 1, 3, 7, 14, and 21 postimmersion one vial of ticks was removed from the desiccator jar, the ticks examined for viability, and living and dead ticks transferred to separate labeled tubes and frozen at À80 C until tested individually for the presence of HRTV. Ticks in the negative control tube were likewise re-tubed and frozen on day 21. Two immersion trials were conducted with larvae and two with nymphs.
The other type of trial was designed to infect larger numbers of larval ticks in a single tube by immersion, followed by feeding the potentially infected larvae on a rabbit for the experiments described below (Fig. 1 ). In this trial, an estimated 3,000 larvae were immersed in 5.0 ml of virus suspension for 90 min, then, after drying for $24 h, were transferred to the rabbit feeding bag. The resulting engorged larvae were allowed to molt to the nymphal stage and a sample of 80 nymphs was tested for transstadial transmission of HRTV.
Cofeeding Experiment
One hundred and seventy nymphs (virus donors) molted from virusimmersed larvae (estimated infection rate of 35-40%) were placed in a feeding bag on a rabbit's back along with $2,500 uninfected colony larvae (virus recipients). The feeding bag was examined daily and engorged detached ticks were aspirated into a 250-ml Erlenmeyer flask. Engorged nymphs were transferred 10 to a vial, and stored 8-14 d in a desiccator jar. Then, individual ticks were triturated in 0.5 ml of BA-1 for virus testing. Engorged larvae were stored 50 per vial in a desiccator jar. At 8-14 d post engorgement 100 larvae were placed in 20 pools of five larvae each, and triturated in 0.5 ml of BA-1 for virus testing. The remaining larvae were allowed to molt to the nymphal stage, then processed in pools of five nymphs each in 1.0 ml of BA-1 for virus testing.
Vertical Transmission Experiment
Forty male and 40 female ticks were placed in two feeding bags on a rabbit (20 of each gender per bag) and allowed to engorge and mate. Following detachment females were placed individually in numbered 16 dram vials with mesh screen tops, and maintained in desiccator jars until oviposition was deemed to have finished. Females were then carefully removed so as not to disturb the eggs, placed individually in 2.0-ml vials labeled with the same numbers, and frozen at À80 C until tested for HRTV. Male ticks were likewise frozen in individual vials for later virus testing. Vials containing each egg batch were returned to the desiccator jar and monitored periodically for hatching. When hatching of an egg batch was deemed completed the vials were frozen at À80 C until larvae could be counted and separated into pools of 100. Pools were processed in 1.0 ml of BA-1 diluent for virus testing.
Statistical Analysis
The infection rate (IR) in nymphs following larval immersion and molting was compared to the IR in nymphs used in the cofeeding experiment using Chi Square analysis with Yates continuity correction. To assess the effect of infection status on the number of larvae produced a Monte Carlo permutation test was performed. Larval count ratios from infected and uninfected females were obtained by permuting infection status 10,000 times and the P-value was computed according to Ernst (2004) . The difference in IR between male and female ticks used in the vertical transmission trial were compared by calculating confidence intervals for the difference of two proportions using the program PooledInfRate, version 4.0, a Microsoft Excel add-in which calculates skewness-corrected 95% confidence intervals (CI) (Biggerstaff, 2008 (Biggerstaff, , 2009 ).
Results
Immersion Followed by Testing at Discrete Intervals
Results of the preliminary immersion trials without bloodmeal are shown in Table 1 . RT-PCR-positive larvae were detected on postimmersion days 7, 14, and 21, but live virus was not isolated from these larvae. Infection rates in larvae ranged from 0-50%, but the overall infection in the two trials was 6% (7/114). A higher infection rate was seen in immersed nymphs, with virus being detected by RT-PCR on day 3-21 postimmersion. Infection rates ranged from 0-50%, with an overall infection rate for the two trials of 17% (15/ 89). Additionally, live virus was recovered by plaque assay from 3/ 50 (6%) nymphs from trial 2.
Immersion Followed by Bloodmeal
In the large-scale immersion experiment $3,000 larvae were immersed in a HRTV suspension, and then transferred to the rabbit feeding bag. A total of 2,459 engorged larvae were recovered, of which 740 molted to the nymphal stage. A subsample of 80 nymphs was tested for transstadial transmission. HRTV RNA was detected in 31 (39%), and live virus was recovered from 28 of these (90%).
Cofeeding Experiment
HRTV was detected by RT-PCR in 52 of 142 (37%) surviving virus donor nymphs tested individually, and live virus was isolated from 44 of these (85%). Virus was not detected by RT-PCR or by plaque assay in 100 engorged virus recipient larvae tested in 20 pools of five larvae each. The remaining engorged recipient larvae molted to the nymphal stage and were tested (n ¼ 1,930) in pools of five nymphs each. Of the 386 pools tested one pool was positive by RT-PCR and by plaque assay for HRTV.
The infection rate in RT-PCR-positive donor nymphs (37%) following cofeeding was compared to the rate in the initial group of 80 nymphs tested (39%) and the difference was not statistically significant (Chi Square ¼ 0.03; df ¼ 1; P ¼ 0.86 with Yates continuity correction).
Vertical Transmission Experiment
Male and female ticks were placed in feeding bags on the rabbit on day 0. Thirty-nine detached fed and unfed females and 36 males were removed on days 10-14. On day 27 a first group of 13 females that had oviposited were removed from their vials and frozen. On day 33 a second group of 15 females that had oviposited were frozen. A final female was frozen on day 46 following placement on the rabbit. Hatched larvae were first observed on day 69 following tick placement on the rabbit, and all vials containing larvae were frozen on day 96.
Both male and female ticks were tested for HRTV following detachment from the rabbit and female oviposition. Twelve of 36 (33%) male ticks were positive by RT-PCR, and live virus was recovered from 10 (83%) by plaque assay. Twenty-one of 39 (54%) female ticks were RT-PCR positive for HRTV, and live virus was recovered from 17 (81%). Confidence intervals for the difference in male and female infection rates were calculated where infection status was defined both by RT-PCR and by isolation of live virus. The difference in infection rates based on RT-PCR was À205.1 with a skew-corrected confidence interval of À414.4-19.9, while the Immerse ~3000 larvae difference based on virus isolation was À158.1, with a confidence interval of À364.6-60.1. In both cases the confidence interval includes zero, so the difference between male and female infection rates was not significant. Fifteen of 21 (71%) infected females oviposited compared to 14 of 18 (78%) uninfected females (Table 2 ). Ten females, six HRTVinfected and four not infected, took only small or no bloodmeals, and did not oviposit. Larvae from each infected female were sorted into pools of 100 for virus testing. A total of 11,796 larvae (mean-¼ 786.4/female, range 55-1,791) were tested ( Table 2 ). The 14 uninfected females produced 17,912 larvae (mean ¼ 1,279.4, range 231-2,659), but these were not tested for virus. HRTV RNA was detected in larvae from five of 15 (33%) infected females (Table 2) . For four of the five females all of the larval pools were RT-PCR positive for virus. Of 28 total RNA positive pools live virus was recovered from 24 (86%).
Progression from virus immersion-rabbit feed experiment
Time to oviposition and the number of larvae hatched from infected and uninfected females are shown in Table 3 . Four of 15 (27%) infected females oviposited by day 27 postplacement on the rabbit, compared to nine of 14 (64%) uninfected females. Eleven of 15 (73%) infected females and five of 14 (36%) uninfected females oviposited between days 27 and 46 postplacement. Females ovipositing after day 27 produced only about half as many hatched larvae per female (59% for infected females; 52% for uninfected females) as females ovipositing by day 27. Thus, while larvae per female were similar for infected and uninfected females within each time period, the 14 uninfected females produced $1.5Â as many larvae as the 15 infected females.
The number of larvae produced by 15 infected females (11,796) and 14 uninfected females (17,912) was compared using count ratios obtained by permuting infection status. The observed count ratio of larvae from infected females to larvae from uninfected females indicates that the larval count from infected females is 62% of the larval count from uninfected females, a statistically significant difference (P ¼ 0.02).
Rabbit Serology and Viremia Testing
A low level of serologic conversion was seen in rabbits fed upon by virus-immersed larvae, or by nymphs or adults molted from immersed larvae. Rabbits used in the preliminary larval immersion with rabbit feed, the feeding of nymphs to produce adult ticks, and in the cofeeding experiment demonstrated 80% neutralization of HRTV at a titer of 1:10. The rabbit fed upon by adult ticks in the vertical transmission experiment did not seroconvert. The rabbit used in the large-scale larval immersion experiment, however, showed 80% neutralizing activity at a titer of 1:40. Blood samples taken for viremia determination on various days during each experiment were uniformly negative for HRTV RNA by RT-PCR.
Discussion
In our study the conditions necessary for A. americanum to be considered a vector of HRTV were fulfilled. Larval and nymphal ticks were infected by oral ingestion of virus, and virus was passed transstadially from immersed larvae to nymphs, and then to the adult stage. Transfer of HRTV from transstadially infected nymphs to uninfected larvae by cofeeding was shown to occur, albeit at a very low level. Vertical transmission of HRTV from infected females to their offspring was demonstrated. Horizontal transmission of virus to a vertebrate host is implied by the presence of neutralizing antibodies to HRTV in four of five rabbits fed upon by immersed or transstadially infected larvae and nymphs. Antibody titers were low; in the case of two of the rabbits (including the serologically negative rabbit fed upon by adult ticks) this was possibly due to terminal blood samples being taken 16 and 17 d after ticks were placed on the rabbits. Thus, there may not have been time for maximal titers to develop. Also, the female ticks fed slowly during the first week of attachment, and it is possible that an infectious dose of virus was not injected into the rabbit until late in the feeding process, further reducing the time available for an antibody response to occur before the terminal bleed. The low titers are, however, consistent with a Crossing threshold values in real-time RT-PCR using two different primer/probe sets (see materials and methods); positive is <37.0. b þ ¼ plaques produced in Vero E6 plaque assay, -¼ no plaques (see materials and methods).
Homogenates from all samples except females # 23 and # 27 were diluted fivefold in BA-1 diluent for retest due to residual blood in the female rendering the initial plaque assay unreadable when the homogenate was undiluted.
c Number of positive pools/number of pools tested (% positive). Pools contain 100 larvae each. NT, not tested.
those seen in rabbits needle-inoculated with HRTV (A. B.-L., unpublished data). Given the current lack of a vertebrate host that develops a sufficient viremia to infect engorging ticks with HRTV, an alternative mechanism was necessary to infect large numbers of A. americanum larvae for our study. The immersion technique used by Mitzel et al. (2007) to infect larval I. scapularis with LGTV was adapted from a method used to infect I. scapularis with B. burgdorferi spirochetes (Policastro and Schwan 2003) . The premise of this method is that ticks maintain their water balance by oral ingestion and swallowing of water. Thus, virus ingested during immersion would be exposed to midgut cells in a manner similar to virus ingested during engorgement on an infected vertebrate host. Normally, uptake of water by hard ticks occurs by condensation of atmospheric water vapor onto hygroscopic salivary secretions held on the tick's mouthparts when ticks are in a high relative humidity environment (Rudolph and Knulle 1974) , and this has been shown to occur in A. americanum (Sigal et al. 1991) . Some research indicates that ticks will not drink liquid water when it is offered (Kahl and Alidousti 1997) . However, this study was done using tap water. It is possible that salts in the cell culture media used for tick immersion triggered a swallowing response in the ticks, or that total immersion of the ticks had this effect. Larval ticks infected by immersion in LGTV had detectable virus antigen in midgut cells, transmitted LGTV to mice during blood feeding, and viral RNA and antigen was detected in nymphs following molting. These results indicated that infection by immersion was comparable to that achieved by blood feeding, and would be a suitable technique for use in our study.
Results of our preliminary tests were not encouraging. In two immersion trials involving relatively small numbers of larvae only 6% had detectable viral RNA when tested at various intervals postimmersion, and live virus was not isolated from any. In two trials where nymphs were immersed, a total of 19% contained viral RNA, but live virus was only recovered from 3%. Hypothesizing that, as bloodmeal digestion in ticks occurs primarily within the gut epithelial cells, blood feeding and molting might be important factors enhancing tick infection, a large-scale trial was conducted where immersed ticks were allowed to engorge on blood following immersion. This trial resulted in 2,459 larvae that engorged following immersion in HRTV. Of these, 740 molted into nymphs. Eighty of the molted nymphs were tested for HRTV, with 31 (39%) RNApositive, and 90% of these yielded live virus. Whether molting success was influenced by infection status is unknown. These results prompted us to continue with experiments to examine virus transmission by cofeeding, transstadial transmission to the adult stage, and vertical transmission by infected females.
Transmission of virus by infected ticks to uninfected ticks cofeeding on a nonviremic host was first described for Thogoto virus (Orthomyxoviridae: Thogotovirus), whereby uninfected Rhipicephalus appendiculatus Neumann acquired virus while feeding together with infected ticks on a guinea pig (Jones et al. 1987 ). Since then transmission among cofeeding ticks has been shown for a number of tick species infected with viruses in the families Flaviviridae, Bunyaviridae, and Asfarviridae. Pertinent to our study was the finding that Bhanja and Palma viruses, bunyaviruses recently classified phylogenetically as phleboviruses related to HRTV and SFTSV (Dilcher et al. 2012 , Matsuno et al. 2013 , could be transmitted by cofeeding by a variety of tick species (Labuda et al. 1997) .
A crucial requirement for cofeeding transmission to occur in nature is the seasonal overlap in questing behavior by the relevant tick stages. Studies in northwestern Missouri in 2012 showed that although A. americanum larval abundance was extremely low during April and June, when nymphal abundance was highest, $21% of the total nymphs collected were found in August, when larval abundance was greatest (Savage et al. 2013) . Overlap was also seen between adults and nymphs, with the relative abundance of both stages highest in April. Similar patterns have been observed in other parts of the geographical range of A. americanum (Semtner and Hair 1973 , Jackson et al. 1996 , Kollars et al. 2000 , Bouzek et al. 2013 . In our study 100 engorged larvae that cofed with infected nymphs were negative for HRTV. The remaining 1,930 larvae were allowed to molt to the nymphal stage before being tested for virus. Only one of 386 pools of molted nymphs tested was virus positive, suggesting that transmission of HRTV from nymphs to cofeeding larvae can occur, but may not be an effective mechanism for maintenance of the virus in nature. Additionally, the infection rate in surviving nymphs following cofeeding was not significantly different from the rate in the first group of 80 nymphs tested after molting, further indicating that cofeeding transmission is a rare event.
Transovarial transmission, on the other hand, may be an important mechanism for endemic maintenance of HRTV. This mode of transmission has been described for a number of phleboviruses including those transmitted by sandflies (Endris et al. 1983 , Tesh et al. 1984 , Tesh and Modi1986, Bilsep et al. 1988 ), mosquitoborne Rift Valley fever virus (Linthicum et al. 1985) , and tick-borne Uukuniemi group viruses (Samoilova and Danilova 1974, Hubalek and Rudolf 2012) . Most recently, RNA of SFTSV was detected in two of 350 unfed larval Haemaphysalis longicornis Neumann collected in South Korea (Park et al. 2014) , and from two of 22 egg masses oviposited by engorged H. longicornis collected from sheep in an endemic region of China (Wang et al. 2015) . In our study vertical transmission occurred in one third of infected females that laid eggs. For four of these females all of the larval pools tested positive, suggesting that the filial infection rate might be relatively high. Given that both male and female ticks become infected by transstadial transmission, it would be of interest to determine if infected male ticks can infect females during mating, and whether virus can a Number of days after females were placed on the rabbit (days postdetachment).
Females were examined periodically following detachment, and groups were frozen when oviposition was observed to have occurred.
then be subsequently transmitted vertically, as has been shown with tick-borne encephalitis virus (Chunikhin et al. 1983 ). In our study infected female A. americanum tended to oviposit later than uninfected females, and produced fewer offspring, suggesting that HRTV might have a deleterious effect on A. americanum reproduction. These results need to be interpreted with caution, however. Neither of these outcomes was anticipated in the design of our experiments. More rigorously designed experiments should be done to assess the effect of HRTV infection on ovipositional behavior and fecundity. Interestingly, transstadially infected females had a higher infection rate than did males (54 vs. 33%). Although this difference was not statistically significant, it suggests the possibility that infected males may transmit HRTV to uninfected females venereally. If our findings are validated by additional research, they should be incorporated into studies modeling the longterm persistence of HRTV in vector populations.
Further work remains to be done to determine if vertical transmission alone is sufficient for HRTV persistence in tick populations, or if a vertebrate amplifier host is necessary. A recent serologic survey conducted in northwestern Missouri (Bosco-Lauth et al. 2015) has documented exposure to HRTV in a variety of wild and domestic mammals, especially raccoons, white-tailed deer, and horses, but it is not known whether any of these species, or others, develop viremias of sufficient magnitude and duration to infect blood-feeding ticks. It also remains to be determined if other tick species, or other arthropods, become infected with and transmit HRTV in nature.
